Activation of molecular oxygen with a further addition of the oxygen atoms to olefinic C=C bonds mediated by rhodium starts with the formation of an open-shell-triplet mononuclear superoxide complex as revealed by DFT calculations. This event is ensued by the binding of the superoxide to a second molecule of the rhodium starting complex to follow a binuclear pathway in which the O−O bond is further cleavaged. Then, each one oxygen atom inserts into a rhodium olefin bond.
Introduction
Catalytic oxygenation constitutes an important method of converting readily available alkenes into chemicals with high added value such as alcohols, ketones, epoxides, etc. [ 1] This value will increase by making this method environmentally friendly with the use of oxygen as reagent. [2] Nonetheless, this approach is challenged by the spin-forbidden nature of reactions between triplet O 2 and closed-shell organic molecules, which results in extremely slow kinetics. Therefore, dioxygen should be pre-activated, which is generally achieved by its interaction with a transition metal centre. At this level, the diversity of plausible intermediates considered in the current unified picture of the dioxygen activation mechanism (Scheme 1, left) [3] along with the complexes characterized for Cr, [4] Pd, [5] Rh, [6] and Ir [7] (Scheme 1, right), show the complexity associated with the activation of O 2 by transition metals. Moreover, the key factors governing the C−O bond formation with these species are still poorly understood, hindering the design of new catalysts for oxygenations using molecular oxygen as primary oxidant. The ability of rhodium and iridium complexes to catalyse reactions with dioxygen is well-known since the pioneering works of Mimoun, [ 8] although three decades had to elapse to initiate the understanding of such systems. Pivotal role for this advance was the organometallic studies on functional models bearing N-based multidentate oxidation-resistant ligands.
[9] The reactions were found to yield a wide variety of oxidation products, as illustrated in Scheme 2 for the [M] (cod) moiety (M = Rh, Ir; cod = 1,5-cyclooctadiene). Thus, Ir(cod)(peroxo) complexes were observed in the reactions of oxygen with complexes supported by guanidinato [10] or acetamidato [11] coligands, which yielded (1-oxo-2-irida)(hydroxo) complexes, presumably through 3-irida-1,2-dioxolane intermediates (Scheme 2).
[10]− [ 12 ] In other instances, the products were found to be 1-hydroxy-2-rhoda/irida-5,6,7-allylcyclooctenyl complexes coming from intermediates having a 2-rhoda/iridaoxetane moiety. [ 13 ] More recently a 1-hydroxy-2-irida fragment has been reported (Scheme 2).
For the less studied rhodium and iridium ethylene complexes bearing the tetrapodal tris-(2-pyridylmethyl)amine ligand, 3-metalla-1,2-dioxolanes were prepared from solid-gas reactions with dioxygen. [ 15] They were found to be highly reactive species evolving to the corresponding (hydroxo)(formylmethyl) complexes upon exposure to light. [16] In sharp contrast, related complexes with tris-(6-methyl-2-pyridylmethyl)amine produce remarkably stable (ethylene)(peroxo) compounds, where C−O bond formation does not occur. [17] From a mechanistic point of view, radical chain processes have been proposed in some instances, [ 18] but Scheme 2 suggests two main routes that can be related with the number of oxygen atoms remaining in the products. In the upper part of the Scheme 2, after activation of dioxygen to render (alkene)(peroxo) species, the C−O bond formation seems to be a consequence of alkene insertion into the M−O bond while the cleavage of the O−O bond requires an active β-hydrogen.
[10]− [12] , [15a] , [16] Such type of reactivity is not exclusive of olefins and has been also observed in the oxygenation of bis(picolyl)imine. [ 19 ] Furthermore, the formation of 2-rhoda/iridaoxetane complexes requires several elementary steps, including O 2 coordination, O−O bond cleavage and C−O bond formation. Although 2-metallaoxetanes have been known for a long time, [ 20] , [ 21] , [ 22] Noticeably, O 2 uptake measurements for both reactions proved that these are 100% atom-economy processes. Although this suggests a bimolecular mechanism, which could be similar to that well-known in copper [ 23] or nickel [ 24] This species undergoes an intramolecular rearrangement via a concerted transfer of each oxygen atom to a co-ordinated olefin resulting in two new C−O bonds in a controlled fashion.
Results and Discussion
Oxygenation of the cod ligand in complex 1
Studies were initiated by optimizing with the MPWB1K functional (see Supporting Information) the ground-state structure of the mononuclear complex [Rh(cod)(Ph 2 N 3 )] (1) and the 2-rhodaoxetane compound [{Rh(OC 8 H 12 )(Ph 2 N 3 )} 2 ] (2). Metric parameters of the optimized structure for 2 were found to be in a very good agreement to those found in the molecular structure of the complex [13b] (see Supporting Information). For the mononuclear compound 1, no molecular structure is available. [27] O 2 -binding to 1. Figure 1 ). The reaction starts in the triplet energy surface with the interaction of the filled d z 2 orbital of rhodium with the π*-MO of O 2 . After the formation of an initial van der Waals complex (OST-I1), the system evolves to OST-I2 through the easily accessible transition state OST-TS1. Spin densities and natural atomic orbital occupancies in OST-I2 indicate that one unpaired electron lies primarily in the O 2 -π* orbital and is equally distributed over both oxygen atoms. The second unpaired electron is mostly localized in a rhodiumcentered MO. Accordingly, the spin densities on Rh, O1, and O2 were found to be 0. 52, 0.66 and 0.79, respectively (Figure 1, inset) . No spin-density was found on the redox non-innocent triazenide ligand despite it is potentially suitable to accommodate the unpaired electron. -superoxo ligands in complexes of cobalt, [ 29] iridium [29] or palladium. [30] From an inner-sphere mechanism (Figure 1 ), coordination of dioxygen to 1 triggers the transfer of one electron (from rhodium to dioxygen) eventually giving OST-I2. Nonetheless, this species could have also been the result of an outer-sphere mechanism [31] leading to the ionic-radical pair {Rh II (cod)(Ph 2 N 3 )} + and {O 2 } − in a first instance, but the collapse of this ionic pair to produce OST-I2 is expected, since the reaction takes place in a non-polar solvent. The corresponding configurations of the open-shell singlet (OSS-I2) and closed-shell singlet (CSS-I2) have been also included in Figure 1 , right. Metric parameters of OSS-I2 were found to be almost identical than those showed by OST-I2, while CSS-I2 fits in a description as [Rh III (cod)(O 2 )(Ph 2 N 3 )] with dioxygen reduced in two electrons (peroxo ligand) and η 2 -coordinated to rhodium. Accordingly, elongation of the O−O bond distance to 1.35 Å was observed in CSS-I2. From an energetic point of view, OSS-I2 was found to be less stable than OST-I2 by 7.5 kcal mol −1 and, much to our surprise, this also applies to the closed-shell singlet peroxo-complex (CSS-I2), although the difference relative to OST-I2 was found to be smaller (5.9 kcal mol −1 ) ( Figure 1 ).
It is worth noting that the well-known redox 'non-innocent' nature of dioxygen can yield three extreme canonic forms when bound to a transition metal as a consequence of the internal-transfer of 0/1/2 electrons (A/B/C, respectively, for an 'RhL 4 ' fragment, Scheme 4). Among them, the peroxo species C having dioxygen reduced in two-electrons are the typical products in rhodium chemistry, [ 32] with no known examples of the A and B forms to the best of our knowledge. Nonetheless, complexes with dioxygen coordinated to rhodium(I) without neat electron transfer have been also reported, but they are species of the type RhL 3 (O 2 ) with dioxygen being the fourth ligand in a square-planar geometry (D, Scheme 4).
[33]
The consistence of this unexpected result was checked by computing the relative stabilities of the superoxo (OST-I2) and peroxo (CSS-I2) intermediates with different functionals. 
O−O-bond cleavage
Once the mononuclear complex 1-O2 (I2) is formed, it could start a bimolecular process toward species of the type Rh 2 (µ-peroxo) and then Rh 2 (µ-oxo) 2 , allowing the cooperative cleavage of the oxygen−oxygen bond. This possibility has been studied in the three potential energy surfaces, CSS (green), OST (red), and OSS (blue) (Figure 2 ). Selected structural parameters of intermediates I3, I4, and I5 have been included in Table 1 ). Major change in the structure of OST-I3 relative to 1 and OST-I2 is the de-coordination of one of the nitrogen atoms from Rh' in such a way that one oxygen atom in OST-I2 has literally replaced one of the nitrogen ends of the triazenide ligand in the incoming molecule (Figure 2 ). Therefore, an almost perfect square-planar geometry for Rh' was observed in OST-I3. , respectively. The structure of OSS-I3 was found to be very similar to that described above for OST-I3. However, the diamagnetic intermediate CSS-I3 is better described as an {Rh(µ-κ 1 :η 2 -O 2 )Rh} complex (Table 1 and Supporting Information). Table 1 . Selected bond distances (Å) for complex 1, MECP, and intermediates I2−I5. Spin-density plots of intermediates OST-I3 and OSS-I3 ( Figure 3 , top) indicate that one of the two electrons is mainly located on one of the rhodium atoms (Rh) and the other is almost equally distributed between the two oxygen atoms in both species. Moreover, since the electron distributions of OST-I3 was found to be similar to that of the corresponding mononuclear intermediate OST-I2, we can conclude that this step takes place without further transference of electrons from dioxygen to rhodium. The significance of this step is notable, since it accounts for a second reduction of dioxygen in one electron. Moreover, it is now clear why the closed-shell singlet CSS-I3 directly evolves to CSS-TS4, since two electrons were already transferred in the formation of the peroxo derivative CSS-I2. At this point, and knowing the tendency of dinuclear Rh II /Rh II complexes to form metal-metal bonds, [ 34 ] which also applies to mixed-valent Rh I /Rh II derivatives, [35] the hypothetical dinuclear complexes with a rhodium−rhodium bond and {Rh II (µ-κ In addition, complexes derived from changes in the geometry of the rhodium atoms in the intermediate OSS-I4 were also investigated, in particular, those having rhodium in a pseudotetrahedral geometry. [ 36] All the attempts ended up in OSS-I4, which appears to be the key intermediate in which the O−O bond cleavage starts. Noteworthy, the diamond core µ-η -peroxo and the di-µ-oxo cores have been extensively studied in copper chemistry, [23] but it has not precedent in rhodium chemistry.
It is important to remark that the spin density of the transition state in which the O−O bond cleavage occurs (OSS-TS4) is equally distributed between both rhodium and both oxygen atoms; more specifically, the rhodium atoms are coupled antiferromagnetically in the same way that oxygen atoms are ( Figure 5 , right). (Figure 2 ) seems to be too high for a reaction that proceeds to completion at room temperature in two hours.
Consequently, the open-shell singlet and triplet structures of TS4 have been reoptimized including Grimme's dispersion corrections (MPWB1K-D3 calculations). [37] Despite the influence of dispersion interactions in the geometries of the transition states is very small, dispersion has a huge effect in the stabilities of these dinuclear transition states. Both are stabilized by more than 15 kcal mol −1 with respect the mononuclear 1 + O 2 . The relative Gibbs energies of OSS-TS4 and OST-TS4 were found to be 13.9 and 21.2 kcal mol , respectively (MPWB1K-D3), in better agreement with the experimental data. In the same line, reoptimizarion of OST-I2 and CSS-I2 including Grimme's dispersion corrections (MPWB1K-D3 calculations) stabilize both species, placing their relative Gibbs energies 6.7 (OST-I2) and 11.4 (CSS-I2) kcal mol −1 above 1 + O 2 , without significant change in their geometries.
C−O-bond formation
Finally, the oxygenation of the two cod ligands from the di-µ-oxo complex CSS-I5 takes place in two sequential steps with low energy barriers, which involve the insertion of the oxide ligands into the Rh−olefin bonds to yield the very stable dirhodadioxetane product 2 ( Figure 6 ). This noticeable reaction arises from the enhanced electrophilicity of the oxo ligand when bonded to two rhodium(III) atoms. Overall, according to the Gibbs energy profile shown in Figures 1, 2, Interestingly, during the course of this analysis we found that the mononuclear complex [Rh(cod)(OnapyMe 2 )] (3, HOnapyMe 2 = 5,7-dimethyl-l,8-naphthyridine-2-one) also fits in the above described requirements. As shown in Figure 7 , the Gibbs energy of the open-shell triplet OST-3-O 2 was found to be in between those of 3 + O 2 and CSS-3-O 2 at the same level of theory than above (see Figure 1) . Moreover, the Gibbs energy difference between OST-3-O 2 and CSS-3-O 2 was found to be even larger (by 9.3 kcal mol −1
) than that found for the pair OST-I2/CSS-I2 (5.9 kcal mol −1 , Figure 1) . As for the pair OST-I2/CSS-I2, the open-shell triplet OST-3-O 2 was found to be more stable than the two-electron reduced closed-shell singlet CSS-3-O 2 with all the functionals employed (PBE-D3: 5.5 kcal mol ).
Oxygenation of the cod ligand in complex 3
According to the above calculations and forecast, complex [Rh(cod)(OnapyMe 2 )] (3) was found to react with oxygen to give the 2-rhodaoxetane complex [{Rh(OC 8 H 12 )(OnapyMe 2 )} 2 ] (4), which was isolated as yellow microcrystals. Complex 4 represents the second example of a 2-rhodaoxetane compound coming from an oxygenation reaction with dioxygen. However, complex 3 was found to be more reluctant to react with dioxygen in toluene than 1, since the reaction progressed only a 10 % after one day under atmospheric pressure. This poor reactivity can be attributed to the main occurrence of the dinuclear complex [{Rh(cod)(OnapyMe 2 )} 2 ] in non-polar solvents. [ 39 ] Nonetheless, in acetone, where the mononuclear isomer is the major species, [39] a 100 % of conversion was achieved in 24 h. This reaction time could be reduced to 8 h working under 3.5 bar of dioxygen. In the molecular structure of 4 ( Figure 8 ) two crystallographically equivalent rhodium atoms are held by two bridging oxygen atoms, which is remarkable considering the ability of the anionic [OnapyMe 2 ] − ligand to act as bridge in di-and trinuclear complexes. [39] Nonetheless, this feature by itself is very suggestive of a dimetallic activation of dioxygen. The coordination of both rhodium atoms is completed by an oxygenated cod moiety acting as a tridentate ligand (through the σ-Rh−C12 bond, the C15=C16 double bond and the oxygen, O2, of the 2-rhodaoxetane entity) and the nitrogen atoms from the [Me 2 Onapy] − ligand. The strong trans-influence of the alkyl group produces a considerable enhancement of the Rh−N2 distance up to 2.517(3) Å. Excluding this bond, the geometry around rhodium can be described as square pyramidal.
Complex 4 remained unaltered in CD 2 Cl 2 at temperatures below −30 °C according to the spectroscopic data (see Supporting Information). The carbon atom bound to rhodium (C1, Scheme 6) resonates at a relatively high field (δ = 36.6 ppm) as a doublet (J C,Rh = 16 Hz) while that bonded to oxygen (C2) gives a singlet shifted to low field (δ = 93.4 ppm). Carbons corresponding to the intact olefin (C5, C6) give the expected two doublets at δ = 93.2 ppm (J C,Rh = 6 Hz) and 104.4 (J C,Rh = 7 Hz), respectively. Broad-line effects were observed in the 1 H NMR spectra on raising temperature to 25 °C and simultaneously an orange solid (5) On the whole, complex 5 is the result of the isomerization of the 2-rhodaoxetane complex 4 into the 16 VE 1-hydroxy-2-rhoda-5,6,7-allylcyclooctenyl complex (6, Scheme 6) up to a 50 %, followed by the trapping of two molecules of 6 by the free oxygen atoms (O1 and O1') of the unreacted complex 4. Accordingly, leaving complex 5 in CD 2 Cl 2 or CDCl 3 for 24 h caused the complete transformation into [Rh(HO−C 8 H 11 )(OnapyMe 2 )] (6), which was isolated in high yield after working-up (See Supporting Information). (2), [13b] so that in both cases, the 2-rhodaoxetane complexes 2 and 4 were found to be the kinetic isomers of the oxygenation reaction, while the 1-hydroxy-2-rhoda-5,6,7-allylcyclooctenyl complexes are the thermodynamic ones. It is worth noting that the mechanism for the oxygenation of olefins with oxygen we have found confirms for the first time the suitability of the electrophilic oxide ligand bonded to rhodium to form C−O bonds by insertion of the oxide into the Rh−olefin bond. This peculiarity is quite remarkable, since related Cu 2 O 2 motifs are, on the contrary, particularly important in aromatic ring oxygenation (tyrosinase-activity). [23, 40] The bimolecular mechanism reported here for O=O cleavage and C−O bond formation is expected to be operative for complexes that give the closed-shell singlet peroxo complex Rh(III){O 2 2− } higher in energy than the superoxo counterpart Rh(II){O 2 − }. In this regard, we have found a second example of a rhodium(I) complex, [Rh(cod)(OnapyMe 2 )] (3), which produces a superoxo complex more stable than the related peroxo one and that, according to our predictions, it undergoes a similar oxygenation reaction to the 2-rhodaoxetane compound [{Rh(OC 8 H 12 )(OnapyMe 2 )} 2 ] (4). Both complexes 2 and 4 are the kinetic products from the reactions of 1 and 3 with dioxygen that evolve to the thermodynamic 1-hydroxy-2-rhoda-5,6,7-allylcyclooctenyl isomers. The characterization of a Rh(II)-superoxide is still a synthetic challenge. However, this work gives computational evidences that, with the appropriate set of ligands, these species are accessible and can be incorporated in oxidation cycles, as it had been suggested. [ 41] Finally, we believe that the important new mechanistic insights shown here will greatly aid the development of Rh-mediated oxygenation reactions with the inexpensive and environmentally friendly dioxygen.
Conclusions

Experimental Section General methods
Solvents were dried and distilled under argon before use by standard methods. [42] Carbon, hydrogen, and nitrogen analyses were carried out with a Perkin-Elmer 2400 CHNS/O microanalyzer. High-resolution electrospray mass spectra were acquired on a Bruker Microtof-Q (ESI + ). NMR spectra were recorded on Bruker AV 300, AV 400 and AV 500 spectrometers operating at 300.13, 400.13 MHz and 500.13 MHz, respectively, for Figure 10 . High-resolution electrospray mass spectra were acquired on a Bruker Microtof-Q (ESI+). Complex [Rh(cod)(OnapyMe 2 )] (3) was prepared according to the literature description. [39] All other chemicals are commercially available and were used without further purification.
[ ), 1.93 (m, 1H, H 4b ), 1.87 (m, 1H, H 7b ), 1.67 (dq, J = 11.9, 5.9, 4.3 Hz, 1H, H 3a ), 1.51 (dd, J = 16.9, 7.5 Hz, 1H, H 3b ) y 0.88 (dd, J = 14.0, 8.1 Hz, 1H, H 8b ) (OC 8 H 12 ) . H 5.29, N 7.00; found: C 53.26, H 4.83, N 6.90 .
X-ray diffraction studies on complexes 4•4CHCl 3 and 5•4C 3 H 6 O
Intensity measurements were collected with a Smart Apex diffractometer, with graphite-monochromated Mo Kα radiation. A semiempirical absorption correction was applied to each data set, with the multiscan [43] method. All nonhydrogen atoms were refined with anisotropic displacement parameters, except a disordered chloroform molecule in 4•4CHCl 3 that was modelled with a four-fold disorder, with geometrical restraints, and with two isotropic displacement parameters. The hydrogen atoms were placed at calculated positions except those of the carbon atoms bonded to the metal centres and to the µ-O ligands that were located in difference-Fourier maps. All hidrogen atoms were refined isotropically in riding mode. The structures were solved by the direct methods (SHELX97) [44] and refined by full-matrix least squares (SHELX2013) [ 44 ] in the WINGX [ 45 ] , Z = 1, ρ calcd = 1.703 g cm -3 , F(000) = 640, T = 150(2) K, 
Computational Details
All the calculations presented in this work were carried out using the Gaussian09 program [ 46 ] by means of the Density Functional Theory (DFT). The study of oxygenation reactions with O 2 is challenging for DFT methods, for two main reasons. On one side, the system can adopt more than one spin state: the reactions start with a singlet transition metal complex and triplet O 2 and end up with singlet products. Accurate calculation of energy splitting between the low-spin and high-spin states is difficult due to the strong functional dependence it displays.
[47] On the other side, bimetallic μ-peroxo and (μ-oxo) 2 species should be computed, and theoretical studies on compounds with a Cu 2 O 2 core have shown that there is also a strong functional dependence on the relative stabilities of both isomers. [ 48] The strategy adopted to surmount these problems have been performing the exploration of the potential energy surfaces with the MPWB1K hybrid functional, [49] that has proved to be suitable for describing open-shell hydrogen-transfer reactions, [ 50 ] and then recalculating with a larger basis set the energy of selected MPWB1K optimized structures using different functionals. The influence of dispersion effects have been assessed by reoptimization of selected structures including Grimme's dispersion corrections [ 51 ] (MPWB1K-D3 calculations). Given the sensitivity of the spin-state splitting with the amount of Hartree-Fock (HF) exchange in DFT functionals, we selected functionals spanning a large range of percentage of HF exchange. To do that, for key structures this splitting was computed, in addition to the MPWB1K (44% HF exchange) with M06 [ 52 ] (27% HF exchange), TPSSh [ 53 ] (10% HF exchange) and PBE-D3 [ 54 ] (0% HF exchange) functionals. Geometry optimizations were performed in the gas phase with the triple-ζ 6-311G(d,p) basis set for the H, C, N and O atoms and the effective core potential LANL2TZ(f) [ 55] basis set for the Rh atoms (BS1). The nature of all the stationary points was further verified through frequency calculations. Furthermore, for transition states, intrinsic reaction coordinate (IRC) calculations were carried out to assess that they connect the corresponding reaction minima. Solvent effects were introduced using the experimental solvents employed through single point calculations on the above gas-phase optimized geometries using the SMD solvation model [ 56 ] and an extended triple-ζ 6-311++G(d,p) basis set for the H, C, N and O atoms (BS2). In this way absolute energies in solution (E sol ) were computed in toluene (ε = 2.374) for complex 1 and acetone (ε = 20.493) for complex 3. These E sol were transformed into G sol (Gibbs energies in solution) by means of: G Sol = E Sol + ZPE + H vib + 6k B T -TS mod where H vib is the vibrational enthalpy, ZPE is the zero point energy, and S mod is the entropy calculated as proposed by Ziegler et al. [57] by using the Wertz's approximation for the entropy to fit the experimental solvation entropy of small molecules. [58] The latter term S mod is defined as:
S mod = S elec + S vib + 0.54(S trans + S rot ) + 0.24 with S elec , S vib , S trans , and S rot being the electronic, vibrational, translational, and rotational contributions to the entropy, respectively. This approach has already been used in theoretical studies of O 2 activation with transition metal complexes. [ 59 ] In order to change the standard state from the gas phase (1atm) to solution (1M) a correction of 1.9 kcal mol -1 was applied to all G values. [ 60 ] Unless stated, all the energies reported throughout this work are Gibbs energies in solution (G sol ) at the temperature of 298.15 K and 1 M, calculated at the MPW1K/SMD/BS2//MPW1K/BS1 level. As the reactions start with a singlet transition metal complex and triplet O 2 and end up with singlet products, the triplet (T) and singlet (S) potential energy surfaces, as well as the open-shell singlet (OS) have been explored. It is important to note that in open-singlet biradicals, the unrestricted wavefunction is often contaminated by higher spin states, especially by the triplet state. In order to take into account this spin contamination the energy of all stationary points with an open-shell singlet spin state was further corrected with the Yamaguchi approach. [ 61 ] To locate the minimum energy crossing points (MECPs) between potential energy surfaces of different spin, the program developed by the group of Harvey was employed. [62] To confirm that the MECPs relate the two potential energy surfaces, the MECP structures were optimized in the different spin states involved in the crossing. The Gibbs energies in solution of the MECPs were estimated by adding the contributions to the Gibbs and solvation energies of the previous intermediate to the calculated potential energies of the MECPs.
